Facioscapulohumeral muscular dystrophy (FSHD) is caused by chromatin relaxation that results in aberrant expression of the transcription factor Double Homeobox 4 (DUX4). DUX4 protein is present in a small subset of FSHD muscle cells, making its detection and analysis of its effects historically difficult. Using a DUX4-activated reporter, we demonstrate the burst expression pattern of endogenous DUX4, its method of signal amplification in the unique shared cytoplasm of the myotube, and FSHD cell death that depends on its activation. Transcriptome analysis of DUX4-expressing cells revealed that DUX4 activation disrupts RNA metabolism including RNA splicing, surveillance and transport pathways. Cell signaling, polarity and migration pathways were also disrupted. Thus, DUX4 expression is sufficient for myocyte death, and these findings suggest mechanistic links between DUX4 expression and cell migration, supporting recent descriptions of phenotypic similarities between FSHD and an FSHD-like condition caused by FAT1 mutations.
Introduction
Facioscapulohumeral muscular dystrophy (FSHD) is one of the most prevalent neuromuscular disorders (1) and is characterized by progressive asymmetric skeletal muscle weakness that begins in the face, shoulder girdle, and upper arms (2) . FSHD-affected individuals also commonly exhibit tortuosity of retinal vessels and sensorineural hearing loss (3, 4) . The causative genetic defect is the loss of transcriptional repression of the Double Homeobox Protein 4 (DUX4) gene present in each repeat of the macrosatellite array (D4Z4) at chromosome 4q35 (5) (6) (7) . Chromatin is relaxed as a result of array contraction to <11 repeats (FSHD1) (8) or mutation of epigenetic modifiers of the region (FSHD2) (9) and results in aberrant expression of DUX4 in muscle cells (10) (11) (12) .
Controlling the pathogenesis of FSHD by halting or reversing its progression will require a detailed understanding of the events that occur downstream of DUX4 activation. The forced expression of DUX4 using strong viral promoters in cultured cells leads to aberrant activation of a cascade of diverse targets and produces transcripts from normally dormant transposable elements, transcripts characteristic of an innate immune response and germline-specific transcripts normally silenced in muscle cells (13) . Exogenous expression of DUX4 is also toxic to cultured mouse myoblasts (14) , disrupts Xenopus development (15) and results in p53-dependent muscle damage in adult mice and zebrafish (16) . Germline expression in mice results in embryonic lethality and/or runting and produces a unique skin phenotype due to failure of basal keratinocyte migration. These mice also exhibit retinal vessel tortuosity reminiscent of that found in FSHD (17) .
While much has been learned from analyzing cells where DUX4 has been forcibly expressed, the pattern and level of endogenous DUX4 expression in FSHD myoblasts are substantially more subtle. DUX4 transcripts are found in a small percentage of cultured mononuclear FSHD myoblasts that appear to grow and divide without an obvious phenotype (18) . Recently, we demonstrated that sporadic DUX4 expression occurs almost exclusively in differentiated FSHD myotubes. When myoblast fusion is extensive, DUX4 protein can be detected in many myonuclei and cultures of FSHD myotubes demonstrate DUX4-mediated cytotoxicity, even when only a fraction of nuclei are actively transcribing DUX4 (19) . Importantly, we fused human FSHD myoblasts with mouse C2C12 cells to demonstrate that DUX4 expression from a single nucleus can result in diffusion of DUX4 protein to adjacent nuclei within the same myotube.
The spatial and temporal relationship between DUX4 expression and the induction of transcription from DUX4 target genes is a less studied but important feature of DUX4-mediated cytotoxicity. Several groups have correlated marks of apoptosis with DUX4 expression, including events resulting from forced expression in adult mouse muscle (16) , human cell lines (15) or from presumably endogenous DUX4 expression in FSHD muscle tissue (20) . TUNEL-positive foci exist in human FSHD myotube cultures but do not co-localize with DUX4 immunofluorescence, suggesting that apoptosis may only occur when DUX4 is expressed at very high supraphysiologic levels, or that apoptosis is temporally disconnected from DUX4 protein in FSHD myotubes. Supporting the latter, we found that the treatment with anti-apoptotic chemicals could prevent death seen in FSHD myotube cultures (21) . This finding led us to hypothesize that the expression of DUX4 is momentary, though impactful enough to leave a lasting and detrimental transcriptional signature that results in muscle death.
Forced overexpression of DUX4 could cause molecular signatures that may be unrelated to FSHD. Given the possibly unique transcription effects of endogenous levels of DUX4 expressed in a unique temporal and spatial pattern, we chose to analyze its effects when expressed from its endogenous arrayed subtelomeric location in muscle cells from people affected by FSHD. A DUX4 target gene reporter was developed that responds to the presence of DUX4 and reflects the transcriptional activation of DUX4 target genes and retrotransposons. We show that DUX4 activation in differentiated FSHD myoblasts is asynchronous and transient. Co-localization of DUX4 and DUX4 targets in myotube nuclei reveals a temporal progression of DUX4 protein spreading from a sentinel nucleus and results in DUX4 target gene activation in nearby nuclei. Live cell imaging of differentiating FSHD myoblasts demonstrates that all cells exposed to DUX4 undergo death within a constricted timeframe, suggesting that the immune system is not essential for disease pathogenesis and that therapeutic interventions should be targeted to events early in the DUX4 activation cascade. Reporter fluorescence allowed us to isolate DUX4-expressing and DUX4-non-expressing cells for transcriptome analysis. Here, we report the transcriptional cascade that results from endogenous DUX4 burst expression and the major molecular pathways disrupted as a result. These findings shed new light on the pathogenic transcriptome induced by DUX4 and suggest mechanisms for the distribution of muscle weakness found in FSHD.
Results
DUX4 expression is necessary and sufficient to activate a DUX4-responsive fluorescent reporter A DUX4 target gene reporter was constructed by placing an array of five DUX4 binding sites upstream of a TATA box and nuclearlocalized Blue or Green Fluorescence Protein (BFP or GFP) gene. The expression cassette was delivered to FSHD myoblasts with a lentivirus vector, and growth of transduced cells was selected using G418 resistance provided by a thymidine kinase promoter ( pTK) driving neomycin phosphotransferase (Fig. 1A) . BFP fluorescence co-localized with DUX4 in FSHD myonuclei after differentiation of myoblasts derived from either FSHD1 or FSHD2 muscle biopsies (Fig. 1B) . Vector-transduced myoblasts derived from a control muscle biopsy did not have detectable DUX4 protein (Fig. 1B) or mRNA ( Fig. 1D ) and did not activate the fluorescent reporter (Fig. 1B) . FSHD cells treated with a small interfering RNA (siRNA) designed to target the DUX4 transcript (siDUX4) expressed very low levels of DUX4 transcript (Fig. 1D) and protein (Fig. 1C) and had significantly reduced reporter fluorescence and transcript levels compared to a nontargeting siRNA (siCTRL) (Fig. 1C and D) . Endogenous DUX4 activated transcripts CCNA1 and MBD3L2 were also significantly reduced (Fig. 1D) after treatment of cells with siDUX4, demonstrating that BFP fluorescence mimics expression of endogenous DUX4 targets. Additionally, immunofluorescent staining of endogenous DUX4 target gene ZNF217 during FSHD myoblast differentiation co-localized with reporter fluorescence (Fig. 1E) . Taken together, these findings demonstrate that the vector is a sensitive and specific reporter for DUX4 expression and mimics the expression profile of endogenous targets.
Asynchronous burst expression of DUX4 protein in sentinel nuclei results in DUX4 target expression in neighboring nuclei within multinucleated myotubes
We previously demonstrated that DUX4 protein will diffuse from an activated nucleus through the shared cytoplasm of the myotube to neighboring nuclei (21) . We determined the temporal sequence of DUX4 expression and subsequent DUX4 target gene activation during FSHD myoblast differentiation by comparing DUX4 immunostaining with BFP fluorescence in the same cells. The dependence of target gene activation on DUX4 protein allowed us to construct the history of DUX4 expression in each cluster of myonuclei by comparing DUX4 protein immunofluorescence intensity and BFP reporter fluorescence intensity. All DUX4+ nuclear clusters could be categorized into four distinct patterns of DUX4 and BFP localization, providing a temporal model of DUX4 and DUX4 target activation ( Fig. 2A and B) . The earliest pattern consists of nuclear clusters that contain sentinel bright-staining DUX4+ nuclei associated with other non-staining nuclei or adjacent nuclei containing lower levels of DUX4. BFP fluorescence could not be identified above background levels in these clusters (Fig. 2B, Panel 1 ). Nuclear clusters that showed both DUX4 staining and DUX4 target activation represent the next step in the temporal progression (Fig. 2B, Panel 2 ) and precede nuclear clusters containing gradient patterns, where BFP expression was inversely correlated with DUX4 immunofluorescence (Fig. 2B, Panel 3 ). This latter pattern demonstrates that the half-life of DUX4 protein is shorter than that of BFP and that the effects of DUX4 expression persist even after expression has halted. This pattern is caused by DUX4's diffusion across the nuclear cluster originating from the sentinel nucleus marked by the brightest BFP fluorescence (Fig. 2B, Panel 3 , Point A) and continuing to nuclei at the opposite end (Fig. 2B, Panel 3 , Point B). Because DUX4 signal was close to background levels in these bright BFP+ nuclei, we conclude that DUX4 activation occurs as a temporary burst of transcription. This finding is supported by identification of a fourth pattern, where DUX4 signal is relatively low throughout the clustered nuclei but BFP signal is consistently bright (Fig. 2B, Panel 4) . Here, a burst of DUX4 protein has diffused and activated its targets in all clustered nuclei and dissipated while target expression persists in those nuclei most recently exposed to DUX4 protein. We conclude that bursts of DUX4 expression are asynchronously activated in sentinel nuclei during FSHD myoblast differentiation and activate DUX4 targets in all neighboring nuclei.
Endogenous DUX4 activation during differentiation of FSHD muscle cultures results in cell death
We photographed differentiating FSHD myoblasts containing a DUX4-activated GFP reporter every 15 min for 120 h in order to identify phenotypic changes that result from DUX4 expression. We observed that DUX4-expressing cells universally died ( Fig. 3A and B, Supplementary Material, Videos S1 and S2) ∼20.2 h after fluorescence detection (±8.7 h). FSHD cells activated GFP and succumbed to DUX4-mediated death continuously throughout the 120 h of observed differentiation (Fig. 3B) . The number of DUX4-expressing cells reached a maximum at 48-54 h into differentiation and was followed by a peak of death events at 70-84 h (Fig. 3B) . Regular periods of increased cell death that occurred on average every 12 h were also observed and decreased in amplitude over time, likely due to the eventual depletion of myoblasts in the differentiating cultures (Fig. 3B ). These findings demonstrate the first evidence of endogenous DUX4-induced cell death in live FSHD myoblasts. Additionally, the observation of rapid death after fluorescence detection suggests that FSHD treatments aimed downstream of DUX4 activation should target very early events of the DUX4-induced cascade in order to prevent cell death in FSHD muscle.
DUX4-expressing cells can be isolated from FSHD cultures and carry the expected RNA signature Calcium chelation with ethylene glycol tetraacetic acid (EGTA) has been shown to prevent myoblast fusion during terminal differentiation (22) , and inhibiting cell fusion would allow us to quantify DUX4 activation events and examine the consequences of DUX4 expression in differentiated mononuclear myocytes using fluorescence-activated cell sorting. We used the DUX4-BFP fluorescence reporter to screen myoblast samples from five different FSHD-affected individuals to identify myoblast cultures where DUX4 activation was most frequent during differentiation. DUX4 was expressed in 0.29-4.28% of mononuclear FSHD cells after 72 h of differentiation (Fig. 4A) , demonstrating the inter-individual variability that has been previously described (21, 23) . Two different FSHD samples that contained the most is no longer detectable. (B) DUX4 protein originates from sentinel DUX4+ nuclei that do not express DUX4 targets (1), then diffuses to nearby nuclei in the shared cytoplasm of the myotube and activates target genes (2) . This momentary expression of DUX4 followed by diffusion results in a gradient of the protein and its targets (3), followed by sustained target expression in nuclei previously exposed to DUX4 (4). The fluorescence signal from the DUX4 reporter also allowed for the comparison of transcriptomes of DUX4-expressing and DUX4-non-expressing cells from the same FSHD myoblast cultures. FSHD Lines 1 and 2 were differentiated for 72 h in the presence of EGTA to prevent fusion, sorted for BFP+ and BFP-cell populations, and RNA was isolated from the collected cells. To control for culture conditions and biological variation, we analyzed RNA from three biological replicates of each cell line prepared on different days. The percent of fluorescing cells in each replicate was similar and averaged 4.56% for Line 1 and 3.42% for Line 2 ( Fig. 4A shows the fluorescence distribution of a representative sort for each line). DUX4 transcripts were undetectable by quantitative real-time polymerase chain reaction (qRT-PCR) in BFP-cells and readily detectable in sorted populations of BFP+ cells. Additionally, transcripts from DUX4 target genes CCNA1 and MBD3L2 were enriched by 25-and 40-fold, respectively, in BFP+ cell populations (Fig. 4B ).
DUX4-activated cells (
DUX4-induced transcripts are mostly up-regulated and come from genes with associated DUX4 binding sites and genes transcriptionally activated by secondary events DUX4-expressing cells produced by forcing high levels of DUX4 expression from a retroviral vector and comparing the resulting transcriptome to the same cells transduced with a GFPexpressing vector were previously analyzed (13) . While these studies have shed light on the transcriptional effects of DUX4 in myogenic cells, the high level of DUX4 expression, enhanced expression of genes at retroviral insertion sites and cellular responses to retroviral transduction may obscure important transcriptional effects of DUX4 expression. We prepared sequencing libraries from RNA isolated from sorted cell populations where the DUX4 target reporter identified cells were expressing DUX4 from pathogenic D4Z4 arrays at their subtelomeric location on chromosome 4 and compared them with isogenic reporternegative cells sorted from the same population. We found that physiologic DUX4 expression activates a unique group of genes in addition to a subset of those previously identified ( Fig. 5A and B, Supplementary Material, Table S1 ). Five hundred and fifty-two genes had transcript levels that increased by at least 4-fold [Log 2 fold change (log 2 FC) >2, P-value <0.005] when comparing DUX4-expressing and DUX4-non-expressing cells from the same culture. Eighteen genes had expression levels that were reduced by 4-fold in DUX4-expressing cells (Fig. 5A) . DUX4-activated genes include both direct targets of the DUX4 transcription factor and those resulting from a transcriptional cascade initiated by DUX4. We utilized previously published chromatin immunoprecipitation with paralleled sequencing (ChIP-seq) data (13) to determine the genomic location of DUX4 binding sites and then identified DUX4-activated genes that contained DUX4 binding site sequences within 5 kb upstream or downstream of a known transcriptional start site. Of the 570 DUX4-altered transcripts, 122 contained a DUX4 binding site by ChIP-seq analysis (Fig. 5A points in red; Supplementary Material, Table S2 ). The other 448 either had a DUX4 binding site beyond our window or were activated by the secondary effects of an initial cascade of DUX4 target gene activation. Of the 18 genes that were down-regulated >4-fold in DUX4-expressing cells, one contained a DUX4 binding site within the specified window. These findings have important implications for the design of therapies for FSHD because the majority of DUX4-mediated dysregulation of transcription appears to be secondary.
Endogenous DUX4-expressing differentiated myoblasts have a unique transcriptome
We compared the list of genes identified here with those reported to be up-regulated as a result of forced DUX4 expression (13) , and with reprocessed analysis of data from Yao et al. (24) that compared the transcriptomes of FSHD and control myotubes, in order to determine which genes are differentially identified depending on the approach. Of the 293 genes with log 2 FC >2 identified by Geng, 95 genes were in common, including most (13/17) of the cancer testis antigens previously described. Four hundred and seventy-three novel transcripts were identified here, and 197 genes were unique to the list identified by Geng et al. Because the subset of DUX4-expressing cells was not isolated prior to RNA-seq in the study performed by Yao et al., the fold change values identified there are expected to be lower, so we compared the list of Yao genes with P < 0.05 (202 total) to the list of genes identified here with log 2 FC > 2 (P < 0.05). Of the 568 DUX4-activated genes identified using our approach, 102 genes were found to be in common between both lists, leaving 466 unique genes identified here (Fig. 5B) . The difference between these lists suggests that endogenous DUX4 expression levels, isogenic controls and identical culture conditions are important variables for determining the consequences of DUX4 expression in diseased cells. As a result, the transcriptional consequences of DUX4 expression identified here are critically distinct from those previously reported.
DUX4 induces a specific gene expression signature that includes disruption of pathways for RNA splicing, RNA surveillance and nuclear to cytoplasmic RNA transport
The large number of differentially expressed transcripts in DUX4-expressing cells requires higher-order grouping to determine the cellular consequence of DUX4 expression. Gene set enrichment analysis is a strategy of grouping gene dysregulation based on knowledge of molecular pathways and offers increased sensitivity and biological relevance (25) . Using this approach, we found a specific DUX4 transcriptional signature that involves disruption of RNA metabolism including splicing, surveillance and transport (Fig. 5C , Table 1 ). The spliceosome pathway consisting of 130 genes was the most differentially regulated group in DUX4-expressing cells, with consistent up-regulation of a significant number of members (43/130 genes; Fig. 5C , Table 1 ). Nuclearcytoplasmic RNA transport was also significantly disrupted (43/ 163 genes). Finally, members of the RNA-surveillance pathway were significantly up-regulated (22/90 genes; Fig. 5C, Table 1 ), consistent with a previous report that ectopic DUX4 causes UPF1 protein degradation and disrupts processing of transcripts containing premature termination codons in myoblasts (26) . These results suggest that the molecular pathophysiology of FSHD may be similar to that of myotonic dystrophy, where splicing, RNA transport and RNA surveillance are also among the major pathways disrupted by gain-of-function RNAs in muscle cells (27) (28) (29) .
Gene pathways involved in cell adhesion, extracellular matrix signaling, cell proliferation and cell orientation are down-regulated in DUX4-expressing cells Many of the affected muscle groups in FSHD have unique developmental origins, suggesting that differential expression of DUX4 during development of specific muscles could explain the unique pattern of muscle weakness. Although direct targets of DUX4 were generally up-regulated, DUX4 expression had a repressive effect on a group of related pathways involved in cell adhesion (81/207 genes), extracellular matrix (ECM) signaling (44/86 genes), cell proliferation (PI3K-Akt, TNF, cytokine, apoptosis and Hippo), and cell orientation and migration (actin cytoskeleton, Gap junction, adherens junction, Notch and Wnt signaling) ( Table 1, Fig. 5C ). Cell migration defects due to FAT1 mutations in humans (30) and mice (31) have recently been shown to affect muscle groups similar to those most severely affected in FSHD, suggesting that the DUX4-induced disruption of cell signaling described here may partly explain the propensity for weakness of certain muscle groups in FSHD. Table 1 . Differentially expressed genes identified using the DESeq2 R package and plotted in (A) were used for Generally Applicable Gene-set/Pathway Analysis (GAGE) (25) . The genes from a particular pathway that showed significant up-or down-regulation are displayed as heat maps (green low, red high) for all 12 data points. As in (A), three biological replicates of two FSHD cell lines are shown, and data points for DUX4 reporter-negative cells (black horizontal bar) and DUX4 reporter-positive cells (yellow horizontal bar) are shown as different color shades based on the regularized log transformation (log 2 (counts)) of normalized counts. Gene symbols are listed vertically along the right border of each heat map.
DUX4-induced splicing disruption affects genes involved in muscle structure and function
The observation of DUX4-mediated global disruption of RNA processing led us to examine the RNA-seq data for alternatively spliced transcripts. Significant alterations in all major classes of splicing aberrations, including alternative 5′ and 3′ splice sites (A5SS, A3SS), retained introns (RI), skipped exons (SE) and shifts in the selection of mutually exclusive exons (MXE), were observed (Table 2) . To determine the significance and reproducibility of these aberrations, we calculated and averaged the percent spliced in (Ψ) values for each event when comparing DUX4-expressing cells with DUX4-non-expressing cells from the same culture. Splicing events were ordered by the number of comparisons that showed the aberration (out of six total) and the Bayes score (corresponding to the odds ratio of differential expression calculated with MISO (mixture of isoforms)) (32) ( Table 2 ). The list contains splicing events in genes involved in splicing and RNA processing (LUC7L3, CSE1L, DDX39B, EIF4A2, SF1, HNRNPAB, STAU1, TRA2B, AGFG1, ZFAND5), cell polarity and signaling (ENAH, CERS5, ACHE, FEZ2, DNM2), mitochondrial energy production (SLC25A3, PTRH2, FIS1), muscle structure (MYL6, TPM2, PALLD) and ubiquitination (RPN2, URI1). Aberrant forms of the serine/arginine-rich splicing factor 2 (SRSF2) were among the transcripts with significant differences between DUX4-expressing and DUX4-non-expressing cells. This observation is consistent with previous reports where alterations in transcript stability were proposed to result from DUX4-mediated inhibition of the nonsense-mediated decay pathway The number of genes in the KEGG pathway gene set. (26) . Aberrant forms of the SRSF3 gene (also described by Feng et al.) were noted in some of our samples, but significant changes were not present in at least four biological replicates and therefore did not meet our cut-off for inclusion in Table II . In addition to the disruption of RNA surveillance, another important consequence of aberrant DUX4 expression is a significant change in splice site choice within a large number of genes. Here, we describe new candidates resulting from DUX4-mediated splice site disruption that may be important targets for therapeutic intervention. 
Discussion
We previously fused mouse and human myoblasts to show that DUX4 produced in one nucleus could diffuse to a nucleus incapable of producing DUX4 transcripts (21) . These studies suggested a mechanism of signal amplification that could result in transcriptional disruption of all nuclei in a myotube, despite the possibility that only a single nucleus may be transcribing DUX4. Here, we demonstrate the temporal sequence of DUX4 and DUX4 target gene activation both statically and in real time. We show that DUX4 transcription is pulsatile and originates from single myonuclei and that activation of downstream target genes is lasting and inevitably results in death of the myotube. The time course of this process is relatively quick in cell culture, where densely clustered myonuclei quickly take up DUX4 protein. The density and distribution of myonuclei in vivo are different from cultured cells and may provide for conditions where transient DUX4 expression is not fatal to the fiber or takes considerably longer to disrupt fibers. Our data also suggest that regions of muscle tissue and muscle types containing densely packed nuclei may be more sensitive to DUX4 expression than fibers containing widely spaced myonuclei. The observation that DUX4 expression is pulsatile suggests the possibility that DUX4-primed muscle tissue may not be effectively treated by decreasing DUX4 transcripts. Our findings have important implications for therapy development. Because no animal model produced to date reliably recapitulates disease (17, 33, 34) , the discovery of a cell culture phenotype that can be used as a platform for therapeutic screening is important for the development of treatments for FSHD. We previously demonstrated that myotube cultures from FSHD biopsies die in a DUX4-dependent manner (21) and others have described an atrophic phenotype of FSHD myotubes (35) . Here, we show specific myotubes identified by a fluorescent DUX4 target gene reporter that disintegrate in culture, providing a target phenotype for intervention that is preceded by visible reporter activation. This system allows for high-throughput screening of repression of reporter activity and serves as a platform to identify and test therapeutics. Importantly, DUX4 expression in these cells is under normal epigenetic and genetic control, so interventions that suppress transcription at the earliest stage of activation could be identified using FSHD myoblasts containing this reporter as a screening platform.
These findings also have implications for our understanding of the FSHD disease mechanism. One proposed theory is that expression of antigenic proteins (cancer testes antigens) induced by DUX4 transcriptional activity may induce an immune response against DUX4-expressing muscle fibers and suggests that immune-mediated muscle destruction is a primary mechanism of FSHD (13) . While several groups have demonstrated muscle and myoblast death after forced overexpression of DUX4, here we show that endogenous levels of DUX4 are sufficient to kill myocytes and demonstrate that the immune system is not essential for DUX4-mediated cell death and therefore could play a secondary role in FSHD pathogenesis, perhaps more similar to its role in Duchenne muscular dystrophy (DMD).
The transcriptomes generated for analysis in this study are also unique. Here, we separated DUX4-expressing and DUX4-non-expressing cells from the same culture and compared transcriptional differences between the isogenic cell populations. This comparison is fundamentally different from comparing diseased and control samples from different people and different biopsies. As a consequence, we obtained unique results that generate new insights about the effects of DUX4 transcription on muscle cells. While we observed some altered expression of germline genes, we also saw a more specific DUX4 signature that suggests DUX4-mediated toxicity is a consequence of disruption of specific set of molecular pathways rather than mis-expression of tissue-specific and developmentally inappropriate genes that leads to cell 'confusion' and triggers apoptosis. Our findings suggest that a disruption in RNA metabolism is central to DUX4-mediated toxicity and are intriguing given the similarities to myotonic dystrophy.
An interesting observation resulting from this study is that DUX4 disrupts a number of pathways involved in cell migration. The unique pattern of weakness in facial, scapular, biceps and lower leg musculature seen in FSHD-affected individuals has intrigued researchers and suggests a developmental mechanism for creating muscle groups that are spared or vulnerable to the disease process. FAT1 mutations in animals (31) and humans (30) phenocopy FSHD with respect to the distribution of affected muscles and retinal changes. Altered levels of FAT1 have been reported in muscle groups first affected in FSHD (36) , suggesting that developmental disruption of planar cell polarity pathways may be a component of FSHD. Here, we show that DUX4-induced mis-splicing of 67% of the Enabled Homolog gene transcripts (ENAH) leads to the addition of 230 amino acids or the deletion of 36 amino acids from the wild-type protein (Supplemental Material, Fig. S3 ). Because ENAH is a direct binding partner of FAT1, we speculate that these findings may connect DUX4 expression, and resultant mis-splicing of transcripts like ENAH, with FAT1 disruption causing a sequence of events that could pattern muscles differentially during development and create both spared and vulnerable muscle groups. 
Materials and Methods

Cell culture
Lentivirus reporter cloning, production and delivery
Six individual sequence motifs of the previously identified DUX4 DNA binding site ( (13) sequence: AGATAATTGAATCATGGGGT AATCCAATCATGGAGTAATTTAATCAGCCGTTAATTGAATCATGG GGTAATCCAATCATGGAGTAATTTAATCAGCCG) followed by a minimal TATA box promoter upstream of the nuclear BFP (Addgene #14893, Cambridge, MA) or nuclear turbo GFP (Open Biosystems #140544, Thermo Scientific) were amplified by PCR. The reporter cassette was cloned into the pRRLsincPPT-wpre third-generation lentivirus backbone (37) . The pTK promoter driving the neomycin resistance gene was then cloned downstream of BFP to confer G418 selection capability independent of reporter activation by the DUX4 protein. 
Flow cytometry
CDK4-expressing FSHD and control myoblasts, previously transduced with the reporter vector and selected with G418, were plated at high density, and differentiation was induced (see 'Cell Culture' section) in the presence of 1 m EGTA (Sigma-Aldrich) to inhibit cell fusion. After 48-72 h of differentiation, cells were treated with 0.05% trypsin-EDTA (Life Technologies), collected, pelleted by centrifugation, and resuspended in PBS containing 1% fetal bovine serum (Thermo Scientific). Cells strained through a Cell-Strainer Cap (Falcon by Corning, Corning, NY), were analyzed and sorted in the University of Washington Cell Analysis Facility using a four-laser Aria II cell sorter. Gates were set by comparison of BFP fluorescence against a control laser to identify autofluorescence, and both BFP+ and BFP-populations were collected from FSHD cells.
RNA preparation and qRT-PCR analysis
RNA isolation was performed by exposing sorted or adherent cells to 500 μl or 1 ml of TRIzol Cell Lysis Reagent (Life Technologies) at room temperature for 10 min. One-fifth volume of chloroform was added, and samples were mixed vigorously and centrifuged to separate phases. The aqueous phase was extracted with chloroform, and RNA was precipitated with ½ volume of 2-propanol. RNA pellets were washed with 75% EtOH, allowed to dry briefly and resuspended in RNAse-free water. Ten micrograms of RNA was incubated with 5 U DNAseI (NEB, Ipswich, MA) at 37°C for 15 min. DNAsed RNA samples were mixed with Qiagen's RPE buffer, and standard RNeasy column cleanup was performed (Qiagen). One microgram of DNAsed RNA was then reverse transcribed to cDNA using Oligo dT primers and the Superscript III First-Strand Synthesis System (Life Technologies) alongside control reactions containing all components except for reverse transcriptase. The 20 μl reactions were incubated at 65°C for 5 min, followed by 50°C for 50 min and 85°C for 5 min. Next, cDNAs were diluted to 400 μl in DNAse-free water for use in qRT-PCR analysis for DUX4 (F-GGCCCGGTGA GAGACTCCACA, R-CCAGGAGATGTAACTCTAATCCAGGTTTGC), GAPDH (F-GTGAAGGTCGGAGTCAAC, R-TGAGGTCAATGAAG GGGTC) or BFP (F-ATCATGGCCGTCAAGCAGAA, R-TCTCGTTG GGGTCTTTGCTC), using the Roche Fast Start Universal SYBR Mastermix with ROX (Roche, Basel, Switzerland). The qRT-PCRs cycled on an ABI-7900HT machine at 50°C for 2 min, 95°C for 10 min, then 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 30 s. qRT-PCR analyses on the same cDNAs that amplified DUX4-activated CCNA1 and MBD3L2 transcripts were performed using pre-validated TaqMan probes (Hs00544743_m1 and Hs00171105_m1, Applied Biosystems, Waltham, MA) and multiplexed with the RNAseP Taqman Endogenous Control Reference Assay (catalog #4401631, Applied Biosystems) using the ABI Absolute Mastermix System (Life Technologies). TaqMan qRT-PCRs were run on an ABI-7900HT machine at 95°C for 10 min, then for 40 cycles of 95°C for 15 s followed by 60°C for 1 min. Samples for cell differentiation and RNA preparation experiments were collected from biological triplicates, and technical triplicates of all qRT-PCRs were analyzed.
RNA sequencing
Total RNA from BFP+ and BFP-cells from two different FSHD myoblast lines was prepped in triplicate as above, and RNA integrity was checked using an Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, CA) and quantified using a Trinean DropSense96 spectrophotometer (Caliper Life Sciences, PerkinElmer, Hopkinton, MA). RNA-seq libraries were prepared from total RNA using the TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA) on a Perkin Elmer Sciclone NGSx Workstation. Library size distributions were validated using an Agilent 2200 TapeStation (Agilent Technologies) and additional library QC, blending of pooled indexed libraries and cluster optimization were performed using Life Technologies' Invitrogen Qubit® 2.0 Fluorometer. RNA-seq libraries were pooled (19-plex) and clustered onto three lanes of rapid-run flow cells using an Illumina cBot. Sequencing was performed using an Illumina HiSeq 2500 in rapidrun mode, employing a paired-end, 50 base read length (PE50) sequencing strategy. Image analysis and base calling were performed using RTA v1.18.61 Software (Illumina), files were demultiplexed and generated in FASTQ format using BCL2FASTQ Conversion Software v.1.8.4 (Illumina), and reads containing sequence that did not pass Illumina's base call quality threshold were eliminated. Raw sequence reads are available for download from the NCBI sequence read archive (SRA) database (study accession SRP058319). Reads were aligned to UCSC's genome build HG19 using TopHat v2.0.12 running Bowtie 2.2.3 'under the hood'. FastQC (Babraham Bioinformatics, Cambridge, UK) and RNASeQC reports were generated. RNA sequencing and read alignments were performed by the Fred Hutchison Cancer Research Center's Genomics Resource Core. The number of reads aligning to specific genomic features was quantified using the DESeq2 bioconductor package (38) with the intersection-strict overlapping mode and R scripting language. Gene pathway enrichment analysis was performed using the Generally Applicable Gene-set Enrichment for Pathway Analysis (GAGE) package (25) and referencing the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway gene sets (39) that were constructed on the fly using the keg.gsets command in R. Previously published CHIP-seq data were used to identify DUX4 binding sites (13) . FASTQ files were downloaded and aligned to the hg19 reference genome using bowtie2 (40) . Aligned reads were analyzed using ChIPpeakAnno package (41) to call peaks and to identify the nearest genomic feature. RNA splicing analysis was performed using the exon-centric analysis pathway in the python program MISO (mixture of isoforms) (32) . Comparisons were made between RNA-seq data gathered from reporter-negative and reporter-positive cell populations of each line in biological triplicates. Percent spliced in Ψ values for a specific splicing event were then averaged over the six comparisons to obtain an average Ψ for a particular splicing event. Splicing data were plotted using a standalone python script called Sashimi plot (42) .
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